Trace metal dopant in goethite and hematite are common in soils, groundwater and sediments, and have strong influence on the structure and physicochemical properties of goethite and hematite. In this work, a series of Co, Ni and Mn-doped goethites and hematites were synthesized, fully characterized by powder X-ray diffraction (XRD), and the zeta potential of samples have been measured to study their structure. The dissolution kinetics of pure and trace metal doped goethites and hematites in proton-promoted, ligand- 
CHAPTER I INTRODUCTION
Goethite and hematite are the most abundant iron oxides in the earth subsurface environment, they naturally present in various soils, marine sediments and ore deposits.
Naturally existing goethite and hematite are usually not pure, and are associated with a number of cations that are isovalent or heterovalent to Fe(III) (Alvarez, Tufo, Zenobi, Ramos, & Sileo, 2015) . Trace metal, cobalt(II), nickel(II), and manganese(II) substitution are the most common phenomenon for goethite and hematite minerals (Rout, Dash, Mohapatra, & Anand, 2014 ). Li's work showed the effect of Al substitution on the structure and properties of the goethite and the cycling of phosphate in the environment (Li et al., 2016) .
The dissolution of Fe(III) plays an significant role in the cycling of Fe in aquatic systems, and iron release kinetics can be controlled by many environmental factor, including particle size (Madden, Hochella, & Luxton, 2006) , pH, sunlight intensity (Song et al., 2005) , oxygen, organic ligands and the incorporation with other metal ions (Alvarez, Sileo, & Rueda, 2008) . Organic ligands common in water are formate, acetate, citrate and oxalate (Graedel, Mandich, & Weschler, 1986; Zuo & Hoigne, 1992) , and among them, oxalate was the most effective ligand (Panias, Taxiarchou, Douni, Paspaliaris, & Kontopoulos, 1996) , and it could affect iron dissolution kinetics significantly. Mobility of iron in aquatic environments can be enhanced by (1) proton-promoted dissolution that leads metal-oxygen bonds to be loosened, thus lead to iron release (Xu & Gao, 2008) , (2) ligand-promoted dissolution that forms soluble Fe(III) complexes with ligands (Wang, Schenkeveld, Kraemer, & Giammar, 2015) and (3) reduction of Fe(III) to the more soluble form of Fe (II) under anoxic environment or with the presence of reductive solution (Dos Santos Afonso, Morando, Blesa, Banwart, & Stumm, 1990) It has been reported that trace metal dopant could affect iron oxide structure and properties markedly including surface specific area, particle size (Mohapatra, Anand, Das, Upadhyay, & Verma, 2002; Warner et al., 2012) , crystallization (H. Ebinger & G. Schulze, 1989) , zeta potential (Alvarez et al., 2015) and adsorption behavior towards phosphate (Li et al., 2016) and metal ions (Rout et al., 2014) . The change and transformation of oxide structure could affect its dissolution property significantly (Latta, A Gorski, & Scherer, 2012) , and the mineral's surface structure could predict the dissolution kinetics.
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Pure and trace metal doped iron oxide release follows second-order kinetics and it is a surface reaction controlled process (Frierdich & Catalano, 2012) . However, iron oxide release under very low pH could be a diffusion process, that is, it is transport controlled rather than surface reaction controlled (Berner, 1978) . Metal release from second-order kinetic dissolution follows this rate law (Coughlin & Stone, 1995; Jeon, Dempsey, Burgos, & Royer, 2003) :
where t is time (day), Me is the measured metal concentration at time t (mM), Me )2 is the equilibrium metal concentration (mM), and k -./ is a pseudo second-order rate constant (mM -1 d -1 ). Since Me )2 and k -./ covary with changing mineral concentrations, and after the integration of equation 1 with the boundary condition Me =0 at t=0, equation 1 simplifies to the following (Frierdich & Catalano, 2012) :
then the rate coefficient of metal release can be calculated.
As trace metal ions (Co, Ni, Mn) are incorporated in the goethite and hematite present worldwide in minerals and soils, it is important to understand their structures of and dissolution properties. In this work, the effect of trace metals on surface structure goethite and hematite are discovered, their metal release kinetics in proton-promoted, ligandpromoted and reductive ligand-promoted dissolution were measured and modeled, and some predictions and assumptions on how the trace metals affect iron oxide structure and dissolution properties were made. While stirring the iron and trace metal solution vigorously, NaOH solution was added by pouring it in within about 10 seconds to avoid the precipitation of Co(OH)2, Ni(OH)2 and Mn(OH)2. Adjusted the pH of the solutions to 4.8-5.2 with 1M HCl and 1M NaOH and brown precipitation formed. Then 10 ml of suspension was pipetted into one 25 ml glass ampoule using a long-tip glass Pasteur pipette until all the suspensions were transferred into the ampoules and the ampoules were sealed with a blow torch. The sealed ampoules were heated in a 130-degree Celsius oven for 48 hours and the color of precipitation turned to brick red after heating. After synthesis, all contents of five ampoules contained an iron oxide of the same concentration and species could be combined into one 250 ml centrifuge tube, and the solids were washed by centrifugation with DI water. Then about 50 mL 1M
HCl were added to each solid and vortexed vigorously until all suspended. The suspensions were stirred for 1 hour to dissolve any trace metal precipitated as a metal hydroxide. The suspensions then were centrifuged and washed with DI water until the pH of the supernatants were close to 7 and the solids started to not settle out completely after centrifuging. The solids were dried in oven for 36 hours and then crushed and sieved for following experiments.
2.3 Elemental analysis of samples 4.00 mg of each sample were accurately weighed and added into 5 mL 6mol/L HCl solution to totally digest the oxide. The centrifuge tube used was heated in oven at 60 Celsius degree until all particles dissolved. The solutions obtained thereof were diluted by 1% nitric acid and analyzed by ICP-MS to determining the content of metals.
Zeta potential measurements
10.00 mg of each sample was accurately weighed and added separately into 100mL DI water, and 18.64mg KCl was added into each vial as ionic strength to prevent aggregation.
50ml of each suspension were separate averagely into 5 centrifuge tubes, and the pH value was adjusted as 5.00,6.00,7.00,8.00 and 9.00 ± 0.1 with 0.1mol/L HCl and 0.1mol/L NaOH. About 3mL of pH adjusted suspension was then added into a cuvette and shaken to remove bubbles in the suspension, and then was used to measure zeta potential by instrument.
Proton-promoted dissolution experiments
21 mg portions of the goethite, hematite, Co-doped goethite and hematite, Ni-doped goethite and hematite, Mn-doped goethite and hematite samples were added into a series of 15mL centrifuge tubes, followed by the addition of 14 mL 1 mol/L HCl solution (pH=0).
About 25 mg KCl was then added to each reaction vial as ionic strength buffer (25mM).
All centrifuge tubes were covered by aluminum foil wrap to prevent photochemical reaction. About 1.0 mL suspension from each vial was taken and filtered by 0.2 µm nylon syringe tip filter unit at pre-determined time point, diluted with 1% nitric acid and stored until analysis by ICP-MS. The diffraction peaks of pure and trace metal doped goethite samples from XRD patterns can be indexed to goethite, suggesting that all samples had goethite structure. With the trace metal dopant, the peaks showed slight shift in positions relative to pure goethite. The
Rietveld structure refinement was conducted based on the goethite crystal model (Table 2 ).
According to the Scherrer formula (Patterson, 1939a (Patterson, , 1939b , the mean crystal dimensions (MCD) of 110 and 021facets have been calculated and listed in the Table 3 . Facets 110 and 021 were chosen because they are two main facets of synthetic goethite crystal (Rubasinghege, Kyei, Scherer, & Grassian, 2012) . With the increase of trace metal content, the ratio of MCD (110) to MCD (021) increased, indicating the decrease of proportion of 110 facets in the specific surface area (Li et al., 2016) . (Rout et al., 2014) . Overall, trace metal dopant has changed goethite structure obviously according to the XRD results. The diffraction peaks of pure and trace metal doped hematite samples from XRD patterns can be indexed to goethite, suggesting that all samples had hematite structure. With the trace metal dopant, the peaks showed slight shift in positions relative to pure hematite. The
Rietveld structure refinement was conducted based on the hematite crystal model (Table   4 ).
According to the Scherrer formula (Patterson, 1939a) , the mean crystal dimensions (MCD) of 110 and 104 facets have been calculated and listed in the Table 5 . Facets 110 and 104
were chosen because they are two main facets of synthetic hematite crystal. It was reported that the (104) facet is dominant in vertically arranged nanoplates while (110) basal facet is dominant in the horizontal (Rehman et al., 2015) . With the increase of trace metal content, the ratio of MCD (110) to MCD (104) increased, indicating the decrease of proportion of 110 facets in the specific surface area.
Due to the overall low doping percent, trace metal doping hematite did not show obvious change in unit cell parameters. However, it could be predicted that, similar to the condition of goethite samples discussed above, the substitute of trace metal could cause the iron oxide structure change due to the different ion radius between trace metal and iron and JahnTeller distortion phenomena. at the solid-liquid interface occurs and an electrical double layer forms (Quast, 2012) . The double layer potential is zero when the oxide surface charge is zero. The pH of the solution strongly influences the surface charge of the oxide particles, and the pH value at which the surface charge is zero is known as the zero point of charge (zpc) (Madden et al., 2006) .
The overall charge of goethite and hematite may be affected by the presence of foreign metal ions, and when a partial substitution of Fe(III) by other ion occurs, a change in the value of the zpc with respect to pure iron oxide can be expected. Alvarez's work showed that the substitution of Mn in goethite has lowered the zpc value to 5.8, compared to the pure goethite sample with zpc=7.3 (Alvarez et al., 2015) .
Zeta potential measurement result
Zeta potential results of selected iron oxides samples are shown in figure. The zero point of charge is shown in the table. There has historically been a very large range in measured values for synthetic goethite and hematite. The zpc value of synthetic goethite ranges from 5.6 to 10 with an average of 8.4, and for synthetic hematite it ranges from 3.2 to 9.5 with an average of 7.8 (Quast, 2012) .
For pure goethite sample, measured zpc was at pH 8.3. Trace metal doped goethite had a lower zpc with respect to pure goethite. For pure hematite sample, zpc was at pH 7.4 according to the measurement. Cobalt and nickel doped hematite had a lower zpc value, but manganese doped hematite had a higher zpc compared to pure hematite. In general trace metal has lowered the pH value of zero point of charge of selected oxide samples compared to the iron oxide sample with no trace metal doped. high trace metal doping percent has been altered. However, in this work, the zeta potential value cannot be used to verify whether trace metal distribution was concentrated toward the outer layer of the particles or was homogeneous distributed through oxide.
Proton-promoted mineral dissolution
Proton-promoted dissolution involves the protonation of coordinative partners of metal ions at the mineral surface (Kraemer, 2004) . The dissolution kinetics of pure and trace metal According to the calculation and visual observation during the dissolution experiment, it can be inferred that most of the oxide has been dissolved into pH=0 HCl solution during 40-day experiment. The reason why the measured concentration in solution of hematite and trace metal doped hematite after 40-day dissolution exceeded the expected value is related to particle size and density of hematite samples. The relatively small particle size and high density of hematite samples made it harder to keep the suspension homogenous when sampling at each time point, a large amount of oxide particles sank down to the bottom part of the reaction tubes and made the concentration of hematite samples became higher with each sampling point, and the released iron and trace metal concentration exceeded the expected total concentration in reactor. However, it is still reasonable to assume most hematite samples have been dissolved into HCl solution.
Goethite dissolution in pH=0 proton-promoted dissolution experiment
The iron release of pure goethite and goethite with relatively low trace metal doping percent in pH=0 proton-promoted solution did not follow second-order kinetics, but showed approximately linear curves during 40-day experiment, suggesting that release was transport controlled rather than surface reaction controlled (Berner, 1978) . Moreover, it can be assumed from the figure that if given enough reaction time, iron atoms form pure goethite and 0.3% cobalt, 0.2% nickel, 1.1% nickel and 0.2% manganese doping goethite could all be dissolved into pH=0 HCl solution. However, for other goethite samples with relatively higher trace metal doping percent, the iron release followed the second-order kinetics, and the change in concentration with time was small or approximately zero after 15-day reaction, suggesting that release was surface reaction controlled. Trace metal release from all goethite samples followed the second-order kinetics. Due to the low pH value of solution, trace metal dissolution occurred rapidly, the change of concentration in solution was approximately zero after the first three-day reaction. 
Hematite dissolution in pH=0 proton-promoted dissolution experiment
The iron release of hematite samples followed second-order kinetics, and the hematite samples with higher trace metal doping percent had a relatively higher release rate. The measured and calculated results showed that trace metal doping would promote rate of the iron release from hematite but would not promote more iron release in pH=0 HCl solution.
The trace metal release from hematite followed second-order kinetics, and the modeled equilibrium trace metal concentration and measured concentration from solution during 40-day experiment was higher with increasing doping percent. However, due to the low doping percent of trace metal and low pH value of solution, no obvious trend in release rate was observed. 
Discussion
Proton-promoted dissolution is a slow process compared to ligand-promoted and reductive dissolution except at very acidic pH. In this study, under the conditions of very low pH value (pH=0) and long reaction time, it can be assumed that metal dissolution was not only surface reaction controlled but rather a combination of transport controlled and surface reaction controlled process (Berner, 1978) . Factors responsible for dissolution rates of iron oxide particles also included particle size, specific surface area, and reactive site. In this work, the results listed above indicated that trace metal dopant has generally lowered the iron dissolution rate and equilibrium concentration with respect to pure iron oxide.
Substitution by metal ions influenced oxide particle size and lattice energy, thus changed the dissolution kinetics of iron oxide under low pH condition.
Ligand-promoted mineral dissolution
In iron oxide dissolution experiment with oxalate solution, a relatively high oxalate loading on the oxide surface releases more Fe relative to low oxalate adsorption density on the surface of iron oxide when system reaches equilibrium, suggesting that the high content of Fe(III)-oxalate complexation promotes Fe dissolution. Surface protonation and surface complex formation with ligands are reaction steps preceding the detachment (Xu & Gao, 2008) . The dissolution rate is enhanced markedly by oxalate which can form bidentate surface chelates with an Fe center in the oxide surface (Holmén & Casey, 1996) . In this work, iron and trace metal release was observed during 40-day dissolution experiment.
Goethite dissolution in pH=3 ligand-promoted dissolution experiment
All iron and trace metal release from goethite samples followed second-order kinetics. Pure For oxalate free control experiment, iron release concentration after 40-day dissolution was at least two orders of magnitude lower than the concentration of oxalate-promoted dissolution ( Figure 9 ). It could be concluded that oxalate has promoted more iron release and has promoted iron release rate compared to acid-promoted dissolution at pH=3.
Release rate of trace metal and iron from goethite samples in pH=3 oxalate free dissolution experiment did not show any particular trend with the change of doping percent of trace metal ( Figure 10 ). The released trace metal concentration after 40-day experiment became higher with increasing trace metal doping percent. However, the measured concentration after 40-day dissolution and modeled equilibrium concentration of trace metal did not show obvious difference between oxalate free and oxalate-promoted dissolution, suggesting that oxalate would not promote trace metal release at pH=3 condition. Mn-doped (purple) goethite in pH=3 oxalate free dissolution experiment.
Hematite dissolution in pH=3 ligand-promoted dissolution experiment
All hematite samples showed similar iron dissolution rate and the iron release followed second-order kinetics, but the modeled equilibrium iron concentration of hematite with doped trace metal was higher than the pure hematite. It can be concluded from the data that doped trace metal did not change the dissolution rate of hematite samples obviously but promoted more iron release to solution compared to pure hematite dissolution experiment For oxalate free control experiment, iron release concentration after 40-day dissolution was one order of magnitude lower than the concentration of oxalate-promoted dissolution.
Similar to the results from goethite experiment, it could be concluded that oxalate has promoted more iron release from hematite samples and has promoted the iron release rate Mn-doped (purple) hematite in pH=3 oxalate free dissolution experiment.
Oxalate adsorption measurement
Adsorption experiments quantified the adsorption of oxalate to the iron oxide surface after 40-day dissolution experiment (Table 6 and 7). It can be observed from the result that in generally, hematite samples adsorbed more oxalate than goethite samples, possibly caused by the difference of surface specific area between two kinds of iron oxide. It can be concluded that trace metal doped iron oxide adsorbed more oxalate than pure sample. This conclusion may indicate that for trace metal doped samples, more metal ions have reacted with oxalate and formed iron-oxalate and trace metal-oxalate chelation during the dissolution, explaining the measured iron concentration was higher in trace metal doped sample experiment in most case. (Kraemer, 2004) . For iron oxide with high trace metal doping percent, Co(II), Ni(II) and Mn(II) substitution changed the surface structure to be less crystallized thus the dissolution happened fast at the early stage of dissolution and promoted more iron release. However, during the dissolution, trace metal ions may have formed insoluble chelates with oxalate precipitated on the oxide surface then hindered the release of iron ions, explaining that iron oxides with highly trace metal doping percent reached equilibrium earlier than the rest of the samples.
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Reductive ligand-promoted mineral dissolution
In this work, ascorbate was used as reductant and oxalate was used as ligand to make reductive ligand solution. A pH 6.0 that is relevant to soil environments was set for all experiments . It has been reported that iron and trace metal release of iron oxide in pH=6.0 ligand and reductant free dissolution experiment was undetectable by ICP-MS, suggesting that nearly no iron and trace metal would release to solution under neutral pH environment . All iron and trace metal release from 20 samples in pH=6 reductive ligand-promoted dissolution experiment followed the secondorder kinetics, indicating that reductive ligand-promoted dissolution of pure and trace metal substituted goethite and hematite are surface reaction controlled process.
3.6.1 Goethite dissolution in pH=6 reductive ligand-promoted dissolution experiment
The iron release rate of goethite was relatively high with respect to other dissolution experiments and iron concentration in solution remained almost constant after the first three-hour reaction (Figure 15 ). Similar to iron release, on average more than 70% trace metal release happened within the first three-hour reaction (Figure 16 ). These results indicated that the metal release happened quickly and only the metal ions from oxide surface released into the solution. However, due to this fast dissolution, no obvious trend for the rate coefficient could be observed. The modeled trend line also indicated that high 24 doping percent trace metal has promoted iron release markedly. It could be observed from the figure that the modeled equilibrium iron concentration and measured iron concentration became higher with increasing trace metal doping percent. Mn-doped (purple) hematite in pH=6 reductive ligand-promoted dissolution experiment.
Discussion
Wang's work on the dissolution of goethite with the presence of ascorbate and HBED indicates that there is a synergistic effect of reductant and ligand on iron oxide dissolution 26 rate coefficient . Since this work was conducted under oxic condition, no Fe(II) could be detected in the sampled solution. The dissolution of iron oxides is kinetically controlled by the detachment of iron ions from oxide surface. The electron transfer from the reductant to the surface Fe(III) precedes the detachment step. This may occur either by direct reduction, subsequent to the adsorption of reductants, or, indirectly by electron transfer from dissolved Fe(II) ions which are generated by the same reductants in solution (Zinder, Furrer, & Stumm, 1986) . It can be assumed that there are two possible steps that may contribute to the dissolution process observed in this case. The first potential process is that the generation of surface Fe(II) labilizes the goethite structure, and this active recrystallization process may then break goethite structure for faster ligandpromoted dissolution (Schenkeveld, Wang, Giammar, & Kraemer, 2016) . 
